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ABSTRACT 
We report on fabrication and experimental characterization 
of an electrostatic contraction beams motor that exhibits 
both reliable operation and high performance characteristics. 
This electrostatic linear stepper micromotor is fabricated in 
a single polysilicon layer combining vertical trench isolation 
technology with standard surface micromachining. The 
entire motor, including two voltage-controlled clamps and 
eight pairs of contraction beams, fits in an area of 470 µm x 
290 µm. Bidirectional stepping motion has been 
successfully demonstrated, generating a stroke of ± 70 µm 
by successively adding 10 nm steps. The motor was driven 
up to a cycling frequency of 80 kHz. An output force of 
0.49 mN was measured for actuation voltages of 60 V on 
the beams and 50 V on the clamps. The motor was run for 
160 hours at a cycling frequency of 10 kHz, generating 
nearly 5.8 billion steps. 
1. INTRODUCTION 
Data storage, microscopy, robotics, assembly, and optical 
systems are some of the numerous applications of 
microactuators [1,2]. In the above-mentioned applications, 
the main requirements for the microactuators are: small size, 
large output force and stroke, high positioning resolution 
and speed, and low power consumption. 
Shuffle motors [3-5] are promising candidates to satisfy 
these demanding requirements. A shuffle motor, 
schematically shown in Fig. 1, is an electrostatic linear 
stepper motor, which exploits a built-in mechanical leverage 
to convert the normal deflection of an elastic plate into a 
powerful, high resolution, step. Two voltage-controlled 
clamps allow stepping motion over a large displacement 
range, which is limited only by the dimension of the 
guidance. Recently, a shuffle motor [5] with high overall 
performance characteristics, and the highest force densities 
ever published so far for electrostatic microactuators is 
presented, demonstrating the large potential of these motors. 
However, there are some drawbacks associated with the 
deflection of a plate towards the substrate, employed for 
step generation in the shuffle motors. First, the plate 
deflection induces a normal reaction force in the clamps. 
The reaction force causes an unwanted frictional force that 
opposes sliding motion of the non-activated clamp. 
Secondly, the deflection generates a moment, which can 
significantly reduce the clamping force of the activated 
clamp. 
To avoid these drawbacks, we proposed an electrostatic 
contraction beams micromotor [6]. This stepper motor, 
illustrated in Fig. 1, employs in-plane deflection of beam 
pairs to generate steps. 
 
 
Figure 1: Schematic view of step generation in a shuffle 
motor and a contraction beams motor. 
Step generation using pairs of beams with in-plane 
deflection has several advantages over single-plate 
deflection towards the substrate, which is used in a shuffle 
motor. First, no normal reaction force occurs in the clamps. 
Next, the undesirable moment is eliminated due to the 
symmetry. Furthermore, propulsion of the motor is 
decoupled from the substrate, allowing more freedom in the 
design. Finally, the motor has compelling scalability as the 
number of contraction beams operating in parallel can be 
chosen freely to obtain a desired output force.  
We have previously reported on the design, fabrication 
and operation of a contraction beams motor [6]. However, 
performance and reliability of our first motor were severely 
limited by short-circuiting between clamps and substrate. 
Here we report for the first time on the full potential of an 
electrostatic contraction beams motor that exhibits reliable 
operation. We demonstrate stepping motion of the motor 
and characterize its performance in terms of average step 
size, speed, output force and durability. 
2. WORKING PRINCIPLE 
A schematic view of a contraction beams micromotor and 
its operating sequence are depicted in Fig. 2. The design of 
the motor includes two electrostatic clamps and an 
electrostatic contraction element, which consists of a 
number of beams arranged in pairs. The beams are 
mechanically connected to the clamps but are electrically 
insulated, allowing individual biasing of these components. 
In addition, the beams in each pair are mutually electrically 
insulated, allowing a potential difference to be applied 
between them. 
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Figure 2: Actuation sequence of a contraction beams 
micromotor as seen from the top. 
To initiate a single step, a voltage difference is first 
applied between the front clamp and the electrically 
grounded substrate, generating an electrostatic normal force 
(I). This force prevents sliding of the activated clamp by 
friction. A potential difference is then applied to the 
contraction element, deflecting the beams in each pair. Due 
to a built-in mechanical transformation, this lateral 
deflection induces a small but powerful longitudinal 
contraction, moving the clamps closer together (II). Next, 
the back clamp is activated in the new position (III) and the 
front clamp is released (IV). The released beams stretch and 
push the front clamp forward (V). Finally, the front clamp is 
activated again (VI) so that one operational cycle is fully 
completed. The entire motor is moved by a single step. A 
large stroke can be achieved by repeating the operational 
sequence. Stepping motion in the opposite direction can be 
achieved by reversing the sequence without any additional 
complexity. Step-sizes may be of variable size (e.g. by 
working below pull-in) since clamping is obtained at 
arbitrary positions on the substrate rather than pre-described 
by e.g. clamping teeth [7] 
3. FABRICATION 
A successful implementation of the contraction beams 
motor requires electrical insulation and mechanical 
interconnection between the clamps, contraction beams and 
between beams in each pair. Vertical trench isolation in 
combination with standard surface micromachining was 
successfully employed to satisfy these requirements [6]. 
Vertical trench isolation employs trenches refilled with 
dielectric material to create insulation and interconnection 
between released microstructures in a single device layer. 
We altered the originally proposed fabrication process 
based on surface micromachining and vertical trench 
isolation [6] by simply adding a silicon nitride insulating 
layer between the clamps and the substrate, as shown in Fig. 
3. The insulating layer effectively prevents short-circuiting 
between the clamps and the substrate during operation of the 
motor. Furthermore, due to the hardness of silicon nitride, 
its use on both sides of the contact (isolating 
bumps/insulating layer) reduces wear in the clamps, 
increasing the lifetime of the motor.  
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Figure 3: Schematic view of the cross section of a 
contraction beams motor after final release. 
A successfully fabricated contraction beams motor is 
shown in Fig. 4. 
 
 
Figure 4: SEM micrograph of a contraction beams motor 
with all components. 
The completed motor fitted in an area of 468 µm x 286 
µm. The moving parts of the motor consisted of two clamps 
and a contraction element. The contraction element of the 
815
actuator contained 16 polysilicon beams, 240 µm long, 2 
µm wide and 5.5 µm high.  A 165 nm LPCVD silicon 
nitride layer was employed on the sidewalls of contraction 
beams to prevent short-circuiting at pull-in. The spacing 
between the neighboring beams was 1.67 µm. The entire 
motor was supported and guided by four springs, which also 
provided driving signals to the clamps and contraction 
element. It moves over the grounded silicon substrate, 
coated by a 210 nm silicon nitride layer. 
Isolation trenches, 2 µm wide, were refilled with a low-
stress silicon nitride layer to assure the electrical isolation of 
the clamps and beams, as shown in Fig. 5. 
 
 
Figure 5: SEM micrograph of the connection between beams 
and a clamp. 
The 210 nm gap between an activated clamp and the 
silicon nitride coating was determined by the height of 
isolating silicon nitride bumps evenly spaced on the back 
surface of the clamps. The isolating bumps, getting in 
contact with the silicon nitride coating on the substrate, 
reduce contact area between the clamps and the 
underground significantly preventing stiction during the 
fabrication and operation and limiting charge accumulation. 
4. MEASUREMENTS 
We have successfully generated bidirectional stepping 
motion with the contraction beams motor using a 
coordinated sequence of clamp and plate voltages. The 
appropriate voltage sequence is generated using a 
multichannel analog output card and high voltage amplifier 
with high slew rate. During the operation, the substrate and 
one half of the contraction beams were electrically 
grounded. After each operation cycle, the polarity of the 
actuation voltage was reversed in order to reduce potential 
charge accumulation in the silicon nitride sidewalls of 
beams and the silicon nitride coating on the substrate. 
Displacement of the motor was measured with a 
resolution of a few nanometers using an image processing 
technique based on the Fourier transform using phase 
differences in the spatial frequency domain. In general, the 
displacement range of a contraction beam motor is only 
limited by the suspension. We demonstrated a maximum 
displacement range of ± 70 µm, using a motor suspended by 
a rather compliant suspension. In Fig. 6 a contraction beams 
motor is displayed that has moved 50 µm in upward and 
downward directions. 
 
 
Figure 6: Operation of the motor: (left) initial position, 
(middle) motion up and (right) motion down. 
From the in-plane displacement measurements and the 
calculated stiffness of the suspension, we have determined 
the output force of the contraction beams motor. A 
maximum output force of 0.49 mN was obtained for 
actuation voltages of 60 V on the beams and 50 V on the 
clamps. 
We performed speed measurements by operating the 
motor at a given frequency for a fixed number of steps (200 
steps) and measuring the distance travelled. The speed was 
then calculated by dividing the travelled distance by the 
time of operation, derived from the cycling frequency and 
the number of steps. For each frequency, we took the 
average value of three measurements. The average deviation 
from the mean for each measurement point was smaller than 
1.1 %. Fig. 7 shows the speed of the motor versus stepping 
frequency. 
 
 
Figure 7: Measured speed of the contraction beams motor 
versus stepping frequency. Beams voltage of 60 V and 
clamp voltage of 50 V are used. 
The measurements of speed show a fairly linear behavior 
below 45 kHz. The line in Fig. 7 is a linear fit from this 
region, extended over the range of data. Above this region, a 
deviation from the linearity is observed. Despite this 
deviation, the speed of the motor continues to increase 
further with frequency. A maximum speed of 0.78 mm/s at a 
cycling frequency of 80 kHz and the beam voltage of 60 V 
was measured. 
The velocity of the shuffle motor depends on the cycling 
frequency as well as on the average step size. The step size 
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of the motor is a function of the degree of beam deflection, 
which is directly related to the voltage applied to the plate 
[6]. The average step size as a function of the beam voltage 
is given in Fig. 8. 
 
 
Figure 8: Average step size of the contraction beams motor 
versus the beam actuation voltage. Measurements were 
performed at stepping frequency of 1kHz using a clamping 
voltage of 50 V. 
The measurements of the step size were performed at the 
motor operating above the pull-in instability at 42 V. For 
reasons that remain unclear, no motion was observed when 
the motor was operated below the pull-in voltage. The 
average step size ranges from 9 nm to 13 nm for beam 
voltages of 44 V to 60 V. 
The step size of a contraction beams motor is also a 
function of the axial load applied to the clamps. To 
investigate this dependence, we measured the displacement 
of the motor as a function of time at a fixed cycling 
frequency of 1 kHz. From these measurements we extracted 
the step size as a function of the displacement and related it 
to the mechanical restoring force applied by the connection 
springs. We determined the step size as a function of the 
axial load applied for different clamp voltages, as shown in 
Fig. 9. 
 
 
Figure 9: Step size of the contraction beams motor as a 
function of the axial load for clamp voltages from 28 to 50 
V. Beams voltage of 60 V is used. 
When the motor walked against the springs the step size 
decreases almost linearly with the increase of axial force, 
e.g. from 13 nm at zero load to 1 nm at 0.44 mN for the 
clamp voltage of 50 V. Additionally, the step size decreased 
by reducing the clamp voltage indicating that slip occurred 
in the activated clamp during contraction of the motor. Such 
nanometer-scale slip, which was also reported for other 
stepping micromotors [8], plays an important role in the 
positioning performance of the contraction beams motor. 
A limited lifetime test was conducted in order to 
determine the durability of a contraction beams motor. The 
motor was run for 160 hours at a cycling frequency of 10 
kHz, generating nearly 5.8 billion steps before the failure.  
4. CONCLUSION 
Fabrication and experimental characterization of an 
electrostatic contraction beams motor with reliable operation 
and high overall performance characteristics is presented, 
proving a large potential of this type of micromotors. 
Continuing research should focus on further improvement of 
the motor performance in terms of controllable and reliable 
clamping and scalable contraction and clamping force 
generation. For specific applications the motor may be 
further optimized for low voltage and/or high speed 
operation.  
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